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ABSTRACT

The effect of competition in a 0.6328 micron helium-neon
laser from the high-gain 3.39 micrcn line has been studied.
The 50 milliwatt laser used for the investigation employs a
six-foot Brewster-angle tube and has a prisia at one end to
insure that oscillation occurs only at 0.6328 microns. The
double-pass gain of the tube at 3.39 microns is of the order
of 102, and the investigation was designed to determine whether
the resulting infrared superradiance is detrimental to the
operation of the visible laser. Measurements were made of the
3.39 micron superradiance from one end of the tube when various
calibrated reflectors were placed at the other end. With a
tyoical dielectric coated mirror, designed for maximum reflec-
tivity at 0.6328 microns, the superradiant 3.39 micron power
from the other end of the tube was 75 microwatts. Thas result
shows that in a 6 foot visible laser filled with a 10:1, He3-Ne
mix*ure and emplry.ng a single prism for frequency selection,
the 3.39 micron superradiance does iict significantly affect the
visible output power. However, the superradiance is about 2
orders of magnitude larger than estimated from theory, and
presumably results mainly from multiple refiections from the

tube walls.
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I. SYNOPSIS

Of the many lasers discovered since the originxl work of
Maiman,l Collins, et al.? and Javan, B-nnett and H-rrioct,3
the 0.6328 micron helium-neon laser4 has become one of those
rmost widely used. As well as having the advantage of being ia
the visible regior of the spectrum, it is dependable, long-
lived, and comparatively inexpensive. Although the power
output of most general purpose 0.6328 micron lasers is in the
0.25 - 2.5 milliwatt range, research in holography and
nonlinear optics has forced the development of high power
versions capable of 50 - 200 milliwatts.

These special high-power visible lasers are usually about
two meters long, and a prohlem arises from competition between
che 0.6328 micron and the 3.39 micron transitions. The ccmpe-
tition results from the fact that the two transitions originate
from the same upper energy level, and thus they compete for tre
same excited atoms. The transitions are described in Paschen
notation as 3s, - 2p, and 3s8; - 3p, for the 0.€328 micron and
the 3.39 micron neon lines respectively. Wwhen the effect
decomes significant. as is the case for discharue lengths of
about one meter, the higher gain transition tends to dominate
the other, and with the onset of oscillation the upper state
population is reduced so that laser action on the lower gain
transition becomes difficult.” Gain figures of 20 to 50 4B per
meter at 3.39 microns are reported in the literature®:7:8:9 ang
it is apparent that under many circumstances this transition
may severely limit the output of the 0.6328 micron line, where
the gain is only akout 5 percent per meter.

Although lasing action has been observed for several neon
transitions in the red and infrared spe~tral reaions, this
study is concerned only with the 0.6328 micron and 3.39 micron
lines. For convenience these will often be referred to as the
visible and infrared transitions, respectively.

The effect of the 3.39 micron transition on the visible
laser was pointed out by Bloom, Bell and Rempel who first
observed laser oscillations at 3.39 microns in a helium=-neon
mixture.l0 It was discovered that lasers could be made to
oscillate simultaneously on the visible and 3.39 micron lines,
and when this occurred the power output in the visible was
significantly reduced.




All 0.6328 microen lasers make use of scme technique to
suppres: the infrared transition. For tubes of about 50 cm and
less the frequency selectivity inherent in dielectiric coated
mirrors is sufficient to insure that competition effects can be
neglected. Hence the 3.3% micron line does not present a prcb-
lem for the small general-purpose lasers used for alignment,
etc. But b gh-power 0.6328 lasers are usually one to four
meters lon,. and positive means must be provided for suppress-~
ing the infrared ‘ransitieca.

I~ addition to the use of dielectric coated mirrors there
are several methods available for helping decrease competition
from the infrared line. These include insertior into the cavity
of an infrared absorbing vapor such as toulene, napplication of a
dc magnetic field, and the use of a prism for tunirg the laser
cavity to the 0.6328 micron line. A high quality prism was
available for the laser used in this investigation and details
~f the system are diszussed in the next paragraph and in section
II-A. The effect ¢f a dc magnetic field cia the performance of a
visible laser is extremely complex and this aspect was examined
only in a very p.:liminary manner. A non-uniform magnetic field
of about 100 gauss was found to suppress oscillation at 3.39
mic~ons, and probably its effect is associated with broadening
of the 3.39 micrcn line through Zeeman splitting of the levels.
The visible transition is also broadened, but the infrared line
is more sensitive to the magnetic field since it is initially
much harrower. The maghctic field also alters the motina of the
plasma electrons, and for this reascn can change the visible
output power. Becaus. of the difficulty in separating the elec-
tron cyclotron effects from those due to suppression of the 3.39
micron line, a magnetic field has not been used during chis wcrk
except in the couurse of preliminary checks cn the maximum output
power of the 0.6328 micron lase:x.

By placing a prism in the laser resonator it is possible
to tune the cavity to the desired transition. Because of
optical dispersion the angle of deviation is a function of
wavelength, and for the fused quartz prism used in this experi-
ment there is approximately 5 difference in the deviation fcr
the 0.4328 and 3.39 micron lines. This means that when thz
mirrors are aligned for the visible transition the mirr:r at
the prism end of the laser is approximately 5° misaligned for
3.39 microns. This prism is cut and positionz2d sc that the
0.5328 micron radiation enters and leaves at the Brewster



angle. When made from high quality fused quartz and expert'y
po.ished the prism introduces negl.igible loss at 0.6323 microns.

Althougii the introduction of a prism into the laser cavity
has proved successful in preventing oscillation at 3.39 micrens,
serious competitiorn effects rema‘n in long tubas. Spontanecus
emission that has been amplified during a double pass dcwn the
length of the tube becomzs significant for long discharqe
lengths. The double pacs results from the fact that the 3.39
micron radiation is reflected back down the tube by the mirror
at one end, even though the prism at the other end breaks the
feedback loop. The gain of the 3.39 micron line is large
enough so that for long tubes the amplified spontaneous emission
produces significant depletion of the population in the upper
level even when dielectric coated mirrors are employed. The
next logical step in decreasing superradiance is to put a prism
at both ends of the laser. UWevertheless, if the tube i3 iength-
ened sufficiently, the point is reached when amplification dur-
ing a single pass will deplete the populaticn of the upper level.

A paper by White and Rigden8 on 3.39 micron superradiance
discusses the competition problem for a 2 meter tube of 3 ram
bore, for whicit a gain of 40 dB per meter is repnrted. Details
of gas mixture and pressure are not given, but by reference tc
other published data from the same authors and ot’hers,6'7'9 it
ca: be inferred that the gas fill js about 0.5 Torr ~n:d a 5:1%
He-Ne mixture. Present practice in this laboratery for C.6328
micron lasers is to uce a 10:1 mixture of He>-Ne 2L a pressure
of 2 to 3 Torr. The gain at 3.39 micronc under these conditions
should he significantly less than thait reported by White and
Rigden, and hence their results 2:e not directly applicable.

The effect of superradiance can be estimated from theory,
by integrating the amplifiecd spontaneous emission over the
entire volume of th= tube. But such calculations are only very
approximate because it is necessary to consider low-angle
scatterirg from the walls of the laser tube. Consequently the
only means of :letermininyg whether cignificant competition is
present in a particular configuration is to measure directly
the 3.39 micron superradiart power.

A six-foot tube of 4 mm bore was chosen for thi. study.
The superradiant 3.39 micron powc. from one end of the tube
was me=sured when verious mirrors were in place at the other

(8]



end. When a high-reflectivity 90.6328 micron dielecktric

coated mirror was used the 3.39 micron power was 75 microwatts.
Since the ratio of photon en.rgies is approximately 5, this
result implies that the deplecion of th- upper level would rob
the 0.6328 laser of 0.4 milliwatts, a c..all value when compared
with the maximum puwer of 50 milliwatts. FHowever, the super-
radiance was abcat 2 orders of magnitude higher than the
calculated value, indicating that most of the 3.39 wicron
radiation results from amplified spontaneous emission undergo-
ing multiple reflections from the walls of the tnube.

These results correspond to operatior in the absence of
oscillations at 0.6328 microns. Consequently, the approach
over-estimat.:s the effect of superradiance on an operating
visible laser. It is therefore recommended that measurements
be made of the superradiance while the laser is operating in
order to determine how much t™e 3.39 micron gain is reduced by
the laser-induced transitions at 0.6328 microns. If the expo-
nential gain coefri~ient at 3.39 microns were reduced by a
factor of two, as is quite possible when the system is lasira
at 0.6328 micron-:, then a 12 foot laser with a prism could be
operated without significant power loss from the infrared
super.adiance.




II. TECHNICAL DISCUSSION

A, The High Power Visible Hel:um-Neon La:ecr
1. General background

The first continuously operating helium-neon laser was
constructed by Javan, Bennectt and Herriott3 in the fall of
1960 and operated at 1.15 microns. It consisted of a Fabry-
Perot interferometer with plane mirrors connected by bellows
to a one meter discharge tuke containing the active gas.
Amplification was achieved by the induced emission of excited
atoms ‘n the upper state of the laser transition, and the
process was such as to preserve the frequencv, phase, and
directionality of the beam. I.. s bsecquent lasers the plane
mirrors were discarded in favor ¢’ spherical mirrors for
which adjustment errors of se.>»rai seconds of arc can be
tolerated. In place of the internal reflectors and bellows
of the original lzser most modern systems use external re-
flectors with the ends of the tube terminated by windows
c¢riented at the Brewster angle to eliminate unwanted reflec-
tions.

The interferometer constitutes a multimode resonant
~avity, anda if the gain of the amplifying medium is greater
than the cavity losses, light emitted spontaneously into tae
rmodes is amplified and the power increases until saturation
occurs and equilibrium is established. Fabry-Perot inter-
ferometers have been analyzed in detail by Fox and Li,ll Boyd
and Gordon,12 and Boyd and Kﬁqelnik.13 Because trans.tion
linewidths in the optical and infrared regions of th2 sp:a:ctrum
are broad compared to cavity resonances, the la.ar frequecacy
charac’.eristics are determined to first orcder by the cavity
propertiss.

The randem motions of molecules in the gas cause the
laser transition to be Doppler broadened. The linewidth
deterrined by the radiative lifetime T is equal to 1/27T,
and for the 0.6328 laser this width is about 30 MHz. Since
the molecules ar2 all traveling with different velocities
due to thermal motion, the resultant linewidth is broadened
by an amount approximately equal to th- Doppler shift asso-
ciated with the mean molecular velocity. Doppler broadening
is a form of inhomogeneous broadening since only the atoms




with a particular veloc. ty will interact with a light wave of

a particular frequency. Consequently. when the laser oscillates
in several modes, holes are burnt into the Doppler curve
because of depletion of the populatiun of molecules whose
Doppler-shifted transition frequencies ccrrespond to the mode

frequencies. For the 0.6328 micron line the Doppler widch is
about 1500 MHz.

The frequency separation for the lowest order interfero-
meter modes is approximatz2ly c/2L where ¢ is the velocity of
light and L is the laser length. Fur the laser used in these
experiments the intermode spacing is about 75 MHz and therefore
about 15 axial modes are present in the output. In addition
higher order, off axial modes may occur.

Operation in only the lcwest order modes can be insured by
proper selection of mirror radii. E:perience in this laboratory
indicates that the off axial modes are suppressed if tne mirrors
and tube bore are chosen so that the bore radius is twice the
radius of the lowes! order mode at the point where the mcode is
largest. Diffraction loss for the axial mode is then negligible.

The reflectivity of one mirror is chosen to provide maximum
output power. The mirror transmission should be between 1% and
5% for high power visible lasers, depending on the length of the
tube, but mirror quality is also of major signif-.cance.

White and Gordonl# have reported on optimum gas mixture
and pressure for a helium-neon visible lase>-. These authors
found that iy>r maximum gain a 5 to 1 ratio of He to Ne should
be used at a pressure given approximately by p = 3/d Torr,
where d is the bore in millimeters. However, experience in this
laboratory has indicated that in order to obtain a large
increase in tube lifetime, at a very small sacrifice in power,
it is advisable to use a 10 to 1 mixture at a pressuce 2 to 3
times higher.

DC excitation has been used throuchout except for checks
made to determine how large a power increcase could be obtained
by using rf excitation. “ince only about a 0.5 dB increase 1in
output resulted, rf excitation was discontinued.




2. Laser design details

A tube bore of 4 mm was selected so that axial mode output
could be achioved using commercially available mirrors. The
mirrors chosen consisted of a flat and a curved mirror at 6.f
mrtei radius. The resulting mode diameters at the curved ana
plane mirrors are about 2 mm and 1.5 mm respectively. These
mode diameters can be calculated fromi®

2
. 4 (£)2 bl L
1~ 'r bl— L
and
4 2.2
w, = (;) L(bl - Lj

where wy and W, are the spot sizes (radius) at the curved and
plane mirrors respectively, by is the radius of curvature of the
spherical mirror and L is the length of the cavity. The mirror
transmission required for optimum output coupling was determined
by experimenting with various reflectivities. It was found that
the output power depended onlyv slightly on mirror transmission
ranging from 2% to 4%. The reflectivities used were 29.6% for
the »lane mirror and 2.6% transmission for the curved mirror.

The tube was filled with a 10 to 1 mixture of He3-Ne at a
pressure of 3.1 Torr. This pressure was higher than optimum
pressure, but was used to allow operaticn at lower discharge
currents in order to increase the lifetime of the tube. Optimum
pressure was found to be about 2.0 Torr with the power peaked at
23 milliamps. At 3.1 Torr the power peaked at about 12 milli-
amps and was 0.5 dB down Irom the value obtained at 23 milliamps
and 2.0 Torr.

A flat ontical bench, on which mirror mounts, prism, and
laser tube were fastened, was made by attaching a 1' x 8'
slab of 1/2" aluminum tooling plate to a 6*' length cf 8"
heavy webb aluminum channel kase (Figs. 1 and 2). Adjustment
of the mirrors was accomplished by means of three 1/4 - 56
bolts which acted to compress rubber washers.

The fused quartz prism used to eliminate simultaneous
oscillations at 3.39 microns was positioned at the high reflec-
tivity end and oriented as shown in Figs. 3 and 4. The
distance between the prism and the mirror was made as large
as the cdimensions of the optical bench would allow, thereby




increasing the losses at 3.39 microns. Both tbe quartz window
at the end of the tube and the prism were inclined at the Brew-
ster angle so as to minimize reflectinn losses. The Brewster
angle surfaces will completely transmit only radiation with the
electric field in the plane of incidence, hence this discrimin-
atory action causes the laser light to be polarized.

B. Estimation of Superradiant Power

Superradiance results from the amplification of its own
spontaneous emission by a medium in which there is populaticn
inversion., The magnitude of the superradiance for a particular
tube geometry can be estimated from theory. An expressicn has
been obtained by Birnbaum,16 wno adopted approximate equations
for the power from a single-mode laser to the special case
where one mirror is removed from the system. However, a more
direct derivation is followed here in order to illustrate the
principles involved. Approximations are present in both
methods of approach, but the values obtained are equal within
a factor of about 3, which is well within the accuracy that
can be expected.

Figure 5 illustrates the geometry for the calculations.
A straight tube of length 7. and radius a is assumed to be filled
with the active material. This corresponds to the condition
when no mirror is present, but the calculation is easily ex-
tended to include a mirror of finite reflectivity at one end.
Saturation is neglected and a uniform population inversion is
presumed throughout. The possibility of significant sacuration
is examined in sectiocn II-C and found to be small.

« a8 - L -
) -l X »
] ! ' ’ i
.\‘e a .‘dr r L d
/ , LY
i f »
‘ > la
dx

Figure 5 Geometry for calculation of superradiance



Because of the very high gain which is present, it is
possible to make some simplifying approximations which ease
the calculation of superradiance. First. the power out one
cnd arises mainly from the flourescence near the other end,
with amplification occurring over nearly the full length of
the tube. Therefore only the spontaneous emission within the
solid angle subtended by the tube aperture at a distance equal
to the length of the system needs to be considered. Second,
line-narrowing effects occur, and because of the high gain,
the spectral width of the superradiance is small compared with
the Doppler-broadened linewidth. Further this width is
different only by a factor of /2, whether the system consists
of the simple tube of length L, or consists of the tube with a
totally reflecting mirror at one end and an effective length of
2L. Therefore the spectral width will be estimated and assumed
to be constant for any of the conditions used in t“e experiments.

Before an estimate of the superradiant power can be made
the valuc of the exponential gain coefficient at 3.39 microns
is required. All of the published data are for larger diameter
tubes and lower pressures than used in these experiments. The
most comprehensive data available is that reported by Moeller
and McCubbin? for a tube bore of 7 mm. From their curves an
estimate of the gain can be obtained for the 4 mm tube at
3.1 Torr. It is assumed that thc maximum gain obtained in a
tuke, when the current is adjusted, depends only on the product
cf tube diameter and pressure {(for a particular He-Ne mixture).
Therefore, the gain for the 4 mm tube at 3.1 Torr should be the
same as that for a 7 mm tube at 1.8 Torr. According tc the
graphs this value i3 19 for a tube 107 cm in length and for a
10:1 mixture of He-Ne. This corresponds to an exronential gain
coefficient of 0.035 cm” ~ when allowance is made tor the use of
He> in the tube instead of the lower gain He?. The 0.035 cm”
gain coefficient weans that the single-pass gain is about 400
for the 17G cm active tube length.

Returning to the calculation, the number of photons
emitted spontaneously per second from a differential volume of

gus 1s

n.
= —% r dr 49 dx (1)

P




where n, is the population density of the upper (ith) level,
and T is the radiative lifetime associated with radiation
emitted spontaneously by the ith level to the lower (jth) level
of the laser transition. Of these only the fraction contaired
in the solid angle subtended by the end of the tube are
properly directed to pass out the far end. The solid angle is
very nearly independent of r and the traction is approximately
given by mal/4mx? or simply {(a/2x)Z.

In passing down the length of the tube the photons experi-
ence 2 (V)X gain where a(v) is a function of frequency and for
a Doppler broadened line is given by

2 2
-(ln 2)(v—vo) /AvD

a(v) = a e (2)

The center frequency is v, and Avp is the Doppler haif width at
half maximum. However in the calculation of the total super-
radiance, instead of integrating over all frequencies, the half
power width of the amplified flourescence is estimated and a is
treated as a constant a,-.

To obtain an estimate of the half power width, designated

Avg, Eq. (2) is expanded in Taylor series and only the first
two terms retained.

a(v) ~a[1 - (in 2) (v-v_) /8 2] (3)

At the hali power point a(v) ~aj - 1n 2/L. Thererfore,
Av
27
S
a - 1n 2/L ~ ao[l - (In 2)(A\)D) ]

or

1/2
AV, ~ AvD/(aoL) (4)

1

Taking a, as 0.035 cm = and L as 172 cm, then Avg ~ Avp/2.5 .

10




The contribution to the intensity out the end of the tube
from the differential volume of gas is

a1 = N hvy eaox (g_)z
2 2x
T a
or from Eq. (1)
ni hv aox a <
dl = - - a2 e (5;) r dr d6 dx (5)

Replacing x by L in the solid angle term and integrating Eq. (5)
the following expression for I is obtained.

ni a 2 QOL

I=_—r-a—hv (EE) (e - 1)

o)
aDL
or since e >> 1
ni a 2 aoL
o == 2\
I Tao hv (2L’ e (6)

But a_ is related to the gopulation inversion density n; for a
. 5 i
Doppler broadened line by

2
o = /in 2 nik (7)
o T BWTAVD

where it has beer assumed, in the absence of saturation, that
the lower level of the laser transition is essentially empty.
Also the multiplicity of the levels has been neglected. GSince
the Doppler line is inhomogeneously broadened the above ccua-
tion for n; must be adjusted to compensate for the result of
Eq. (4). That is, only about 1/2.5 of the total inverted
population will contribute to the superradiance. With this in
mind, by combining Eqe. (6) and (7).

11



X2 2L ) T 2.5

(8)

] Thig yields a value for superradiant power P equal to I
times ma“, on the order of a 0.02 microwatts for a single
pass., With a 100% reflectivity mirror at one end of the tube,
corresponding to a double pass or a discharge length of 12
feet, the value oblained is about 2 microwatts.

The superradiant power out one end of the tube can be
related to the reflectivity R of a mirror at the other end by

P=P + — RG (9)

where Po is the output superradiance for 0% reflectivity and G
is the Single-pass gain factor. The factor of 1/4 ccmes from
the fact that placing the mirror at one end of the tube is
equivalent to doubling the length of the tube thereby decreas-
ing the solid angle by a factor of 1/4. For high values of
reflectivity, a log-log plot of P versus R will be linear since
P, << P RG/4. However, for low retflectivities where Pg
exceeds P° RG/4 some curvature is expected.

Equation (8) takes into account only the radiation passing
down the tube within the solid angle determined by the length
of the tube and bore. Neglected are the low angle reflections
from the walls of the tube. Since Pyrex will rcflect light
incident at low angles, some of the spontaneously emitted
radiation outside of the solid angle will be reflected from
the walls and +thus experience gain. This radiation will be
diverging mo. .apidly upon leaving the tube than that passing
within the solid angle subtended by the tube bore. For this
reason, since it is the total superradiant pcwer that is of
interest in this investigation, the thermopile, which was used
to measure superradiance, was placed as close to the end of
the tube as the apraratus would allow.

C. Saturation Effects at the End of the Discharge Tube

To estimate the approximate amount of saturation produced
by the amplified spontanecus emission at the output end cf the

12



system, the measured value of superradiance 1s used to calcu-
late the induced emission.

The differential equation for +%“e population inversion is

dn.

\

= A, .n < ‘£

at 137 Y By (g 4 W

where I is the intensity of the radiation, W_ is the pump term

and v is the propagation rate in the gas. Ajs is the Einstein

coefficient associated with spontaneous emission andl5

X3 A,

B = fln 2 i

1] T BWhAVD

is the Einstein coefficient at the center of the Doppler
broadened linc corresponding to induced emission. Wwhen the
intensity is small the equilibriuni value of the population in-
version is determined only by the spontaneous emissio: and the
pumping rate. Bowever, it is when the induced term becowes
comparable to the spontaneous term that depletion or saturation
effects occur. Consequently the ratio

Bial Mn2 A1

™ 8vthvD

A,. cC
1]
where c is the speed of light, is a measures of saturation.

Using the value of intensity measured with the 100%
reflector at one end of the tube, this ratio is of the order
of one tenth indicating that under these conditions, satura-
tion has only begun to occur at the end of the tube. The
effect would be less were a 0.6328 micron dielectric coated
mirror used.

D. Measuring Devices
The usual devices for measuring laser power at 0.6328

and 1.15 microns are not suitable for use at 3.39 wmicrons
and special instrumentation had o be provided. For power

13




measurements at 0.6328 microns an EG and G lite mike was
erployed. However, the silicon cell in the lite mike cuts off
at about 1.2 microns. Also the type S, photosurface of the

92:. RCA phototube, used for relative measu.>ments at 0.6328
microns, is not effective beyond this same waveleng“h. The
type P Kodak lead sulfide ektron detectors have appreciable
sensitivity at 3.39 nicrons and in some circumstances can be
used in conjunction with a 3.39 micron narrow band rilter if
the 3.39 micron power is large enough. Nevertheless, blackened
thermal detectors were emplioyed for most measur~ments at 3.39
microns. The sensitivity of these detectors ic constant from
the visible to 3.39 microns and therefore can be calibrated at
0.6328 microns. Also, by having the sensitivity at 3.39 microns
as high as in the visible 7:d near infrared, it was much easier
to discriminate by means of a filter against u:wanted back-
ground radiation from the discharge tube than when using a lead
sulfide detector.

1. Thermal detectors

A Narda micruwave holometer type N821B/38Bl, was converted
t» an optical detector oy exposing the filament and evaporating
a thin film of lampblack on the exposed porticn. The bolometer
was mounted in an aluminum block as shown in Fig. 5 and used to
measure the reflectivities of several aluminum coated quartz
flats and a 0.6328 micron dielectric flat. The biasing and im-
pedance matching circuit for the bolometer is shown in Fig. 6.

An Eppley thermopile No. 7948 was used to measure the
superradiant power out the end of the tube for the different
reflectors at the other end. The 3/8" diameter civcular detec-
tien surface of the thernopile consisted of eight bismuth-silver
elements coated with lampblack. The basic sensitivity of the
thermopile without a window at a power level of 10 milliwatts
is 0.127 mv/mw cm™2. This low intensity calibration, agairist a
reference thermopile, was supplied by the Eppley laboratory.

2. Narrow band filter

In order to eliminate extraneous radiation, a Spectrum-
Systems dielectric coated bandpass interference filter was
placed at the output end of the tube. The filter was 0.15
microns wide at the 5% points, 0.10 microns wide at the half
power points, and 69% transmission at the 3.37 micron center
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frequency. A Kodak filter 1.0 microns wide at the 5% points
was also used. Fut because of the larger bandwidth, the data
obtzined was discarded 1n favor of that obtained with the
narrower Spectrum-Systems filter.

3. Readout devices

A Fluke molel 841A electronic galvanometer with a sensi-
tivity ranging from 2 nanocamps to 200 nanoamps per scale
division arnd an impedance of 180 ohms, was used in conjunction
with the thermopile.

For all meacurements taken with the bolometer and the lead
sulfide detector, a Hewlett Packard standing wave indicator was
used as a meter amplifier. " United Transformer Co. No. A-11
impedance matching transformer was used to match the boloneter
to the meter amplifier. The bandpass characteristics of the
standing wave meter required the use of a 1000 Hz chopper to
modulate the signal being observed.

E. Experimental Procedure

The reflectivities of the aluminum coated flats and the
dielectric coated flat were determined with the bolometer cy
measuring the relative power of the incide.t and reflected
brams from a 3.39 micron laser. Large wedge angle flats were
employed tc eliminate interference from the uncoated surface
of the mirror.

For each measurement of superradiant power the mirror at
one end was aligned by maximizing the amplified spontareous
emission out the other end. The lead sulfide cell, because of
its large surface area and relatively fast response (as
compared with the thermopile), was used for this purpose.

Special care had to ke exercisej with the bandpass filter
since the reflectivity of the filte. coupled with the mirrors
was sufficient to allow oscillations at 3.39 microns. The
quartz window on the thermopile also produced the same effect.
The prohlem was resolved by tilting both the filter and the
thermopile off axis until oscillations ceased. However, it
was sometimes necessary to insert a 7.5 dB Pyrex glass
attenuator, set at the Brewster angle, betwcen the end ¢ -he
tube and the filter sc that the angle through which the filter
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was rotated was not enough to p-odice a significant change in
transmission. Variatics of filter transmission with angle was

obrerved separately with a 3.39 micron laser and found to be
negligible for angles less than about 5 degrees.

The 2Xperi-
menta. setup for measuring

superradiance 1is shown in Fig. 7.
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III. RESULTS

The values of superradiant power, measured at cpe end of
the six foot He-Ne laser tube for various reflectivity mirrors
at the opposite end, are given in Teble 1. Wit: the 0,6328
micron dilective coated fliat, the power measured was 75 micro-
watts. For all measurements the discharge current was 10
milliamps. Figure 8 is a plot of the data in Table 1.

Table 1
Reflectivity (%) Superradiant rower
(micrewatts)
96 330
69 260
21 20
8 20
0 2
18 (0.6328 laser flat) 75
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IV. DISCUSSION

The results indicate that for the laser used in these
experiments, if operated with a single prism, the.e is no
appreciable depletion of the upper level and corsequently
insignificant loss of power at 0.3328 microns due to the
presence of 3.39 microns cuperradisnce. On the one haand the
gain at 3.39 microns is low because of the 10:1 mixture and
the high pressure. On the o%her hand the measured cutput
superradiance is about two wrders o.° magnitude higher than that
predicted theoretically and apparently arises from multiple
reflections from the walls of the tube.

The 75 microwatt superradiant power, mecasured with the
0.6328 micron dielectric coated mirror, implies that the power
lost in the visible is 300 microwatts. This figure, obtained
by multiplying by the ratin of photon energies, is small com-
pared with the 50 milliwat% cutput at 0.6328 wmicrons.

The literature shows for ti»es of a few millimeters in
diameter the gain coefficient can vary from 0.035 cm™L up tc
0.1 em™! depending on the pressuire and mixture. For the tulea
used here the lower value, corresponding to a double pass gain
of about 400, applies. A 10:1 mixture at an increased pressure
was used to extend the lifetime of the laser. In a paper by
White and Rigdon8 similar measur~ments of the effect of 3.39
micron superradiance on visible output power were m.de.
However, considerably larger gains were reported for the smaill
bore (5 mm) tuting 2nd reduced pressures.

The superradiant power measured with the 96% reflectivity
mirror (300 microwatts) is about 150 times that calculated
/2 microwatts) from Eq. (8) using 0.035 cem~l as the gain
coefficient. In order to make the calculated value comparable
to the measured value,_the gain coefficient would have to be
increased to 0.050 cm™ ~ corresponding to a double pass gain
of 75 dB. The Moeller and McCubbin® data shows that such a
value is not attainable even at optimum pressure. The differ-
ence between calculated and measured values implies that the
output superradiance arises mainly from multiple reflections.
This follows because in the calculation only radiation passing
within the solid angle determined bv the tube aperture is con-
sidered. The magnitude of the difference Indicates that the
field of view of the system is approximately 10 times the angle

18



subtended by the end cf the tube. Since the multiple reflec-
tions control the amount of output cuperradiance, calculations
should be made which take this into account. But, the accuracy
of such a calculation would be limited because of the roughness
of the drawn glass tube.

The plo* of superradiant power versus mirror reflectivity
(F.g. 6) is apparently linear. This might be predicted from
Eq. (8) where it is evident that a log-log plot of (P-P,)
would be linear with unit slope. Experimentally obtained
values of P should then be linear, since in the region where
measurements wiie made, P is much greater than Po' However, it
is unwise to attach much significance to the linear.ty because
of the insufficient number of points and the errors involved in
the measurements., Further, it is not clear to what extent the
low angle reflections arfect the linearity.
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Figure 2 Laser tube



Figure 3 Prism arrangement

Figure I Laser tube showing prism section
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